‡The Japan Health Sciences Foundation Because one of the attractive characteristics of human immunodeficiency virus type 1 (HIV-1)-based lentiviral vectors is that it can infect even nondividing cells, a lentivirus-mediated gene delivery system is currently being paid a great deal of attention as an innovative tool for gene transfer into target cells. The purpose of the work was to investigate the efficacy of lentiviral transfer of the LacZ gene into human umbilical vein endothelial cells (HUVECs) and human bone marrow mesenchymal stem cells (HMSCs) in vitro. For the present study, a vesicular stomatitis virus G-protein (VSV-G)-pseudotyped lentiviral vector encoding the E. coli LacZ gene tagged with nuclear localization signal (NLS) was generated in 293T cells by means of the three-plasmid system. The resulting lentiviral vector, LtV-NLS/LacZ, was allowed to infect HUVECs and HMSCs. Approximately 70% of HUVECs were positive for LacZ expression and 50% of HMSCs showed LacZ activity. There was no significant difference in transduction efficacy between early and latepassage phases in both cells. LtV-NLS/LacZ-transduced HUVECs showed gene expression of endothelial markers including CD34 and flt-1 and KDR/flk-1 of vascular endothelial growth factor (VEGF) receptors and had angiogenic potential as efficiently as primarily cultured HUVECs in a Matrigel assay. These findings provide evidence that lentiviral vectors are efficient tools for gene transfer and expression in human endothelial cells and stem cells that could be useful for tissue engineering.
INTRODUCTION
rected against adenoviral structural proteins, leading to temporary expression of the transgene (13) . Murine retThe available gene-transferring vectors differ greatly roviral vectors integrate stably into the genome and do in their ability to infect and stably express genes in difnot induce the expression of any viral proteins, but they ferent cell types. It is therefore important to characterize require cell division for integration, making them unsuittheir ability to transduce various human cells under sevable for the infection of nondividing cells (7) . A more eral conditions. Nonviral techniques, including lipofecrecently developed class of vectors derived from lentivition, electroporation, and biolistic particles have been ruses, such as those belonging to the HIV family, can used to transfer genes into the target cells, but their effiinfect both dividing and nondividing cells (10). Lentiviciency has been quite low (12) . Viral vectors are attracruses possess the karyophilic properties of their preintetive gene transfer vehicles because they often mediate gration complexes, which allow for their active import highly efficient gene transfer. The most commonly used through the nucleopore. Corresponding to this, lentiviral viral vectors are those derived from human adenoviruses vectors derived from HIV type 1 can mediate the effiand murine retroviruses. Successful adenovirus-medicient delivery, integration, and long-term expression of ated gene transfer has been described, but drawbacks transgenes into nondividing cells in vitro and in vivo with adenoviral vectors are the lack of integration into (1, 8) . These findings encouraged us to study the effect the host genome and the potent immune response diof lentivirus-based delivery of the LacZ gene into hu- Sanko Junyaku Co.). HUVECs and HMSCs (5 × 10 4 ) at manufacturer's protocol (PCR kit; Perkin-Elmer/Cetus, Norwalk, CT). The amplification reaction involved detwo time points (early phase and near crisis) were plated in the wells of six-well plates, transduced with 1 ml of naturation at 95°C for 30 s, annealing at 60°C for 30 s, and at 72°C for 30 s with a thermal cycler (Perkinthe supernatant of 293T cells containing LtV-NLS/LacZ in the presence of 12 mg/ml polybrene (Sigma, St.
Elmer, Foster City, CA). The PCR products were resolved on 1% agarose gels and visualized by ethidium Louis, MO) at 37°C for 3 h, filled with 2 ml fresh medium, and incubated for another 48 h without medium bromide staining. The human β-actin gene served as an internal control for the efficiency of mRNA isolation replacement. Medium change was then done every 2 days until the seventh postinfection day. Seven days and cDNA synthesis. Primers used were as follows: flt-1 (496 bp), sense, 5′-TCTCAACAAGGATGCAGCACafter the first LtV-NLS/LacZ infection, the cells were subjected to a LacZ expression assay. For the detection 3′, antisense, 5′-GGAGAAGATTTCCCACAGCA-3′; KDR/flk-1 (501 bp), sense, 5′-CCCACCCCCAGAAA of LacZ activity, HUVECs and HMSCs were washed twice with PBS, fixed with 0.25% glutaraldehyde, and TAAAAT-3′, antisense, 5′-ACATTTGCCGCTTGGA TAAC-3′; CD34 (499 bp), sense, 5′-TTCCCAAAA stained with an X-gal solution. The cells exhibiting nuclear LacZ activity were identified by means of an in-GACCCTGATTG-3′, antisense, 5′-GGAGCCGAATG TGTAAAGGA-3′; human β-actin (610 bp), sense, verted phase-contrast microscope and the percentage of LacZ-positive cells was calculated in five different fields 5′-TGACGGGGTCACCCACACTGTGCCCATCTA-3′, antisense, 5′-CTAGAAGCATTTGCGGTGGACGATG under the microscope at 100× magnification.
GAGGG-3′. Equivalent number of primary HUVECs and NKNT-3 (immortalized human hepatocytes) were Senescence-Associated (SA) β-Galactosidase Staining used as a positive and negative control, respectively, for SA β-galactosidase staining was performed as prethis gene expression study. viously described (6). Briefly, HMSCs at different time points were washed in PBS, fixed in 0. In the presence of 5 µl phosphate solution, the minutest calcium phosphate/DNA complex was obLacZ-transduced HUVECs with RNAzol (Cinna/Bio Tecx, Friendswood, TX) and used as templates. Reverse served (Fig. 3) . One or 10 µl of phosphate solution failed to form optimal calcium phosphate/DNA coprecipitate, transcription was performed at 22°C for 10 min and then at 42°C for 20 min using 2.0 µg of RNA per reaction to resulting in inadequate transfection of 293T cells and subsequent unsatisfied transduction of HUVECs and ensure that the amount of amplified DNA was proportional to that of specific mRNA in the original sample.
HMSCs with LtV-NLS/LacZ (Fig. 3) . The following experiment for LtV-NLS/LacZ transduction, with 5 µl of PCR was performed with specific primers in volumes of 50 µl containing 2.0 µl RT products according to the phosphate solution, was done. 
Transduction of HUVECs and HMSCs
man hepatocytes, NKNT-3, used as a negative control, were absent from SA β-galactosidase activity (Fig. 5) .
With LtV-NLS/LacZ
To examine the infection efficiency of LtV-NLS/ Expression of Endothelial Cell Markers LacZ, transduced HUVECs and HMSCs were stained
We examined the gene expression of endothelial with 0.1% X-gal solution after lentiviral transduction. markers in LtV-NLS/LacZ-transduced HUVECs. As The background of NLS/LacZ expression, as identified shown in Figure 6 , gene expression of CD34, flt-1, and in untransduced HUVECs or HMSCs, was not observed.
KDR/flk-1 was similar to that of primary HUVECs. No The percentage of NLS/LacZ-expressing HUVECs was expression of these endothelial markers was detected in 70% and that of NLS/LacZ-positive HMSCs was 50% immortalized human hepatocytes, NKNT-3. when the cells were in the early stage (Fig. 4) . At the time of near-crisis, 60% of HUVECs (PDL 45) were Angiogenesis Matrigel Assay NLS/LacZ positive and 40% of HMSCs had NLS/LacZ
To determine whether LtV-NLS/LacZ-transduced activity, but they were not capable of dividing (Fig. 4) .
HUVECs were capable of morphologic differentiation There was no significant difference between the early into angiogenic tubes, we cultured the cells in Matrigeland late stages in the percentages of NLS/LacZ (+) cells layered plates. Tube formation with both cells (PDL 25 after LtV-NLS/LacZ transduction. These findings supand PDL 50) in the Matrigel assay paralleled that of ported the previous reports showing that lentiviral vecprimarily cultured HUVECs (PDL 4) with rapid adhertors were able to infect nondividing cells.
ence to Matrigel and the appearance within 12 h of SA β-Galactosidase Staining abundant networks of branching and anastomosing cords of cells. After 12 h, well-developed networks of anastoAt the time of replicative senescence, HUVECs and HMSCs were morphologically enlarged, with a flat mosing tubes were present (Fig. 7) . These findings showed that LtV-NLS/LacZ-transduced ECs maintained shape, and not responding to any growth factors. Both types of cells were stained with SA β-galactosidase as their angiogenic potential. No tubular structures were formed in NKNT-3 cells, used as a negative control for strongly as untransduced HUVECs at PDL 45 and HMSCs at PDL 25 (Fig. 5) , whereas immortalized huthis Matrigel assay. paid considerable attention to ECs as a potential target tem is an innovative tool capable of transducing human cells of near-senescent stage. If the lentiviral system of gene therapy for the above-mentioned diseases. After LtV-NLS/LacZ infection, approximately 70% of the EC could be applied to various biopsied human tissues, it would allow the spread of autologous transplantation. population was positive for NLS/LacZ activity, suggesting that therapeutic genes such as hepatocyte growth Because the most direct source of cells for transplant is autologous, the use of autologous tissue obviates the factor (HGF) instead of NLS/LacZ would be transferred into ECs by using the present lentiviral system. difficulties of overcoming noncompatibility with the host's immune system. Bone marrow mesenchymal stem cells (MSCs) are now considered to be a reliable source of material for
The development of a useful lentiviral vector system must take into consideration basic lentiviral genetics and developing tissue engineering (4) . MSCs have the potential to differentiate into a variety of mesenchymal tissafety issues. One of the crucially important issues for the use of lentiviral vector products is to establish a testsues, such as bone, cartilage, tendon, muscle, marrow mesenchyme, and adipose tissue (11) . There appears to ing scheme for the detection of a replication competent virus (RCV). Testing at several stages in production be a decrease in the number of MSCs among total nucleated cells in bone marrow with age. This age-related would be of extreme importance due to the limited knowledge of the risks of lentiviral exposure and the deficit could be due to the reduced potential and kinetics of skeletal repair in older patients (2) . Genetic amplificapossibility of generation of recombinant RCV at any time in the production process. To decrease the risk of tion of MSC populations is therefore attractive to establish a therapeutic strategy for the treatment of mesenpathogenesis, lentiviral vectors should be designed without any nonessential viral genes such as accessory chymal tissue defects. In this work, HMSCs even at near-crisis were proven to be efficiently transduced with genes, vif, vpu, and nef (5). Furthermore, more reliable lentiviral vectors should be made without any sequences a lentiviral vector encoding the NLS/LacZ gene. This finding has demonstrated that the lentiviral vector sysnot required for vector functions including long terminal
